High resolution photoelectron spectra of C 2 N − , C 4 N − , and C 6 N − anions are reported, obtained using slow electron velocity-map imaging. The spectra show well resolved transitions to the X 2 ⌸ neutral ground state of all three species and to the ã 4 ⌺ − excited state of C 2 N and C 4 N. This study yields the adiabatic electron affinity of C 2 N, C 4 N, and C 6 N, the spin-orbit splitting in the X 2 ⌸ state of each radical, and the term energy of the ã 4 ⌺ − state in C 2 N and C 4 N. Relatively little vibrational activity is observed, indicating small geometry changes upon photodetachment. This result, plus the observation of transitions to neutral quartet states, indicates that the C 2n N − ͑n =1-3͒ anions all have linear 3 ⌺ − ground states.
I. INTRODUCTION
The nitrogen-doped carbon chains ͑C n N͒ are important interstellar constituents. The three smallest members of the series with odd numbers of carbon atoms, CN, C 3 N, and C 5 N, have been detected [1] [2] [3] [4] in the interstellar medium. Recently, the C 3 N − anion has also been detected 5 in the circumstellar envelope of the evolved carbon star IRC+ 10216. In contrast, none of the members of the C 2n N series have yet been detected in interstellar sources even though these species are predicted to play a role in the interstellar chemistry. 6, 7 Their detection by means of radio astronomy is greatly hindered by their small dipole moments. 8 With the exception of C 2 N, experimental information on the C 2n N species is relatively sparse. In this paper, high-resolution photoelectron spectra of the C 2 N − , C 4 N − , and C 6 N − anions are reported that provide a detailed probe of these anions and the corresponding neutral species.
The C 2 N radical has been the subject of numerous experimental and theoretical studies since its first identification by Merer and Travis 9 in 1965, many of which have focused on the strong Renner-Teller ͑RT͒ interaction in its X 2 ⌸ ground state. C 2 N has been investigated by UV and IR absorptions, [9] [10] [11] [12] [13] [14] [15] laser-induced fluorescence, [16] [17] [18] [19] Fouriertransform emission spectroscopy, 20 microwave spectroscopy, 21 and laser magnetic resonance spectroscopy. 22 Gabriel et al. 23 calculated the RT perturbed rovibronic levels in its X 2 ⌸ state using variational methods. Excited state molecular orbital configurations, geometries, and vibrational frequencies were computed by Pd and Chandra 24 at the complete active space SCF ͑CASSCF͒ level. The C 4 N and C 6 N radicals have been studied experimentally by microwave spectroscopy 25 and theoretically using density functional theory ͑DFT͒. [26] [27] [28] The only experimental information on C 2n N − anions comes from mass spectrometry studies in which the anions were produced by laser ablation 29, 30 or sputtering. 31 Both experiments yielded strong even-odd alternations with the C 2n N − ions being considerably less intense than the C 2n+1 N − ions. Second-order Møller-Plesset ͑MP2͒ calculations by Zhan and Iwata 32 found singlet ground states for C 2n N − ͑n =1-3͒ with C 4 N − and C 6 N − having strongly bent geometries. However, a subsequent DFT study by Pascoli and Lavendy 33 yielded linear triplet ground states and low-lying singlet excited states for these same anions.
In this paper, we report photoelectron ͑PE͒ spectra of C 2 N − , C 4 N − , and C 6 N − anions obtained with slow electron velocity-map imaging ͑SEVI͒. The high resolution afforded by SEVI shows well resolved transitions to the X 2 ⌸ neutral ground state of all three species and to the ã 4 ⌺ − excited state of C 2 N and C 4 N. These transitions are assigned with the help of electronic structure calculations. We obtain accurate electron affinities for all three radicals and term energies for the ã 4 ⌺ − states in C 2 N and C 4 N. The observation of relatively little vibrational activity and transitions to neutral quartet states indicates that the C 2n N − ͑n =1-3͒ anions have linear 3 ⌺ − ground states.
II. EXPERIMENTAL
The SEVI apparatus has been described in detail elsewhere, [34] [35] [36] although a new ion source configuration was used in these studies. SEVI is a high resolution variant of PE spectroscopy in which mass-selected anions are photodetached at a series of wavelengths. The resulting photoelectrons are collected by velocity-map imaging 37 ͑VMI͒ using relatively low extraction voltages, with the goal of selectively detecting slow electrons with high efficiency and enlarging their image on the detector. At each wavelength, one obtains a high resolution photoelectron spectrum over a limited range of electron kinetic energy. C 2 N − anions were produced from of a gas mixture comprising 0.005% acetonitrile ͑CH 3 CN͒ in argon while C 4 N and C 6 N − anions were produced from a mixture of 0.05% acetylene and 2% N 2 O in a balance of argon. The gas mixture, at a stagnation pressure of 300 psi, was expanded into the source vacuum chamber through an Even-Lavie pulsed valve. 38 Anions were formed using the grid discharge source shown in Fig. 1 . Here, the gas from the pulsed valve passed through a 2.5 mmϫ 23 mm canal made from Teflon and aluminum, within which were two fine grids made of stainless steel wire mesh that were separated by 1 mm. The first grid was held to ground while the second was floated to around −500 V dc through a 1 k⍀ resistor. The passage of the expanding gas through the grids induced a discharge which produced the anions. In contrast to the pulsed discharge design of Osborn et al., 39 this source does not require a high-voltage pulse or an external source of electrons for continuous stable operation. More importantly, the grid discharge source produces internally colder anions than the ionization source used previously on this instrument. 35, 40, 41 This attribute is crucial for SEVI in which the width of the unresolved rotational envelope of each peak limits the achievable resolution.
Anions produced by the source were perpendicularly extracted into a Wiley-McLaren time-of-flight mass spectrometer 42 and directed to the detachment region by a series of electrostatic lenses and pinholes. A pulse on the last ion deflector allowed only the desired mass into the interaction region. Anions were photodetached between the repeller and the extraction plates of the VMI stack by the gently focused output of a Nd:yttrium aluminum garnet pumped tunable dye laser. The photoelectron cloud formed was coaxially extracted down a 50 cm flight tube and mapped onto a detector comprising a chevron-mounted pair of time-gated, imaging quality microchannel plates coupled to a phosphor screen, as is typically used in photofragment imaging experiments. 43 Events on the screen were collected by a 1024ϫ 1024 charge-coupled device camera and sent to a computer. Electron velocity-mapped images resulting from 30 000 to 100 000 laser pulses were summed, quadrant symmetrized, and inverse-Abel transformed. 44 Photoelectron spectra were obtained via angular integration of the transformed images.
The apparatus was calibrated by acquiring SEVI images of atomic S − and C1 − at several different photon energies. With the 350 V VMI repeller voltage used in this study, the full widths at half maximum of the chloride peaks were 3.3 at 24 cm −1 above threshold. In the SEVI experiment, within the same image, all observed transitions have similar pixel widths ͑⌬r͒, which means transitions observed further from threshold ͑larger r͒ are broader in energy. By varying the laser wavelength, a series of images in which the transitions of interest are close to a particular detachment threshold can be acquired, yielding a complete, high resolution photoelectron spectrum. The spectra presented here are plotted with respect to electron binding energy ͑eBE͒, defined as the difference between the photodetachment photon energy and the measured electron kinetic energy.
SEVI also provides information on the photoelectron angular distribution ͑PAD͒. For one-photon detachment, the PAD is given by 45, 46 
where is the angle between the direction of the photoelectron ejection and the polarization vector of the incident photon. The anisotropy parameter ␤ lies between 2 and Ϫ1. It provides information on the orbital angular momentum ͑l͒ of the ejected photoelectron and hence the symmetry of the molecular orbital from which detachment occurs; l =0 ͑s-wave͒ detachment leads to ␤ =0, l =1 ͑p-wave͒ to ␤ = 2, and l =0 and 2 in equal amplitude ͑s + d wave͒ to ␤ = −1. Generally, the value of ␤ depends on the detachment energy 47 and thus peaks having ␤ Ͼ 0 are simply labeled as p while those with ␤ Ͻ 0 are labeled as s + d. Tables I-III . The spectra all display very similar features and are divided into two bands of peaks, separated by about 1 eV, with different PADs. The maximum eBE for each trace corresponds to the photon energy used in collecting the spectrum. Spectra taken at higher photon energy ͓upper traces in Figs. 3͑a͔͒ probe a wider energy window but yield poorer resolution for the features at lower eBE ͑i.e., faster electrons͒.
III. EXPERIMENTAL RESULTS

SEVI
The traces in Figs. 2͑a͒ and 3͑a͒ are dominated by two peaks, A and B, with spacings varying from 29 to 38 cm −1 . All three spectra show two or three small peaks ͑a, b, and c͒ at slightly lower eBE than peaks A and B. The C 2 N − spectrum shows a smaller peak C lying at 456 cm −1 higher eBE than peaks A and B, while the C 4 N − and C 6 N − spectra show two smaller peaks, C and D, at higher eBE. All peaks in these three panels have s + d PADs.
Figures 2͑b͒ and 3͑b͒ show transitions to a higher energy band comprising a large peak E and a much smaller peak F. 
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IV. ELECTRONIC STRUCTURE CALCULATIONS
Electronic structure calculations were performed on the relevant neutral and anionic states of C 2n N, as determined by previous studies. 24, [26] [27] [28] 30, 32, 33, 48 The current calculations serve to produce, at a uniform level of theory, all the geometries and vibrational frequencies necessary to interpret the photoelectron spectra. Our calculations were carried out with DFT using the Becke three-parameter Lee, Yang, and Parr exchange-correlation functional 49, 50 ͑B3LYP͒ and the augmented correlation consistent polarized valence triple-zeta basis set 51 ͑aug-cc-pVTZ͒. All computations were performed using the GAUSSIAN03 program. 52 The calculated geometries of the anion 3 ⌺ − state as well as the neutral X 2 ⌸ and ã 4 ⌺ − states are shown in Fig. 5 , while the harmonic vibrational frequencies and relative energies of the different species are presented in Table IV . The calculated anion geometries are essentially identical to those reported by Pascoli and Lavendy 33 using the same functional and basis set. The bent singlet states of the anion are not considered here. For the two neutral states of C 2 N considered here, the DFT calculations yield shorter CC bond lengths than the CASSCF calculations of Pd and Chandra. 24 The C 4 N and C 6 N ground state bond lengths and frequencies calculated here are similar to previous DFT studies using smaller basis sets. [26] [27] [28] All the C 4 N and C 6 N bending modes in the X 2 ⌸ state are nondegenerate in the calculations, as expected for vibrational modes subject to RT coupling. Calculated geometries, harmonic frequencies and energetics of the ã 4 ⌺ − state of C 4 N and C 6 N are reported for the first time. Figure 5 emphasizes the geometry changes that occur upon photodetachment. All three species show a lengthening of the C 1 -C 2 bond and a contraction of the neighboring bond upon photodetachment to the X 2 ⌸ state. In C 4 N, the four carbon atoms are approximately equally spaced in the anion, with a much more noticeable bond alternation in the 
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Photoelectron spectra of C 2 N − , C 4 N − , and C 6 N neutral characteristic of acetylenic ͑C-Cϵ C-C͒ bonding. In C 6 N, the carbon atoms C 1 -C 4 show alternating bond lengths in the anion and neutral, but the phase of the alternation flips upon photodetachment. In all three species, the C-N bond contracts upon detachment to the ground state, but the extent of this contraction decreases with increasing chain length.
V. ANALYSIS AND DISCUSSION
In this section, a detailed assignment of the SEVI spectra is presented, starting with the electronic bands in the upper and lower panels of Figs. 2 and 3 . The splittings between peaks A and E in those spectra are similar to the calculated splittings in Table IV For each species, the two main peaks of the X 2 ⌸ bands, A and B, are assigned as transitions to the ⌸ 1/2 and ⌸ 3/2 spin-orbit components, respectively, of the vibrational ground state. In C 2 N, the splitting between those two peaks is 38 cm −1 , which is in good agreement with the 40.3799 cm −1 effective spin-orbit splitting derived from rotationally resolved absorption spectroscopy. 11 In C 4 N and C 6 N, these peaks are spaced by 29 and 30 cm −1 , respectively, and represent the first experimental determination of the spin-orbit splitting in these species. These spin-orbit splittings are noticeably smaller than the value of 40 cm −1 assumed by McCarthy et al. 25 in fitting their C 4 N and C 6 N microwave spectra to a model Hamiltonian; no transitions involving the ⌸ 3/2 component were observed in their study.
From the eBE of the peaks labeled A, we obtain the first experimental electron affinities ͑EAs͒ of C 2 N, C 4 N, and C 6 N. These values are EA͑C 2 N͒ = 2.7489Ϯ 0.0010 eV, EA͑C 4 N͒ = 3.1113Ϯ 0.0010 eV, and EA͑C 6 N͒ = 3.3715Ϯ 0.0010 eV. The calculated EAs, including zeropoint energy corrections, are 2.92, 3.29, and 3.56 eV for C 2 N, C 4 N, and C 6 N, respectively. The B3LYP calculations overestimate the EA of these species by around 0.2 eV. Our experimental electron affinities and spin-orbit splittings are listed in Table V. In the X 2 ⌸ bands, the small peaks C are too close to the band origin to be any of the stretching modes, according to our calculations, and hence must be from transitions to bend- 
Anion and neutral geometries calculated at the B3LYP/aug-ccpVTZ level. 
excited neutral levels. In order to assign these peaks, we have to consider the RT coupling that affects the bending modes in the X 2 ⌸ states of the C 2n N radicals. In C 2 N, the vibronic bending levels for v 2 Յ 2 obtained using the RT parameters determined by Kohguchi et al. 19 are presented in Fig. 6 . In the absence of additional vibronic coupling, the lowest vibrational bending level accessible by photodetachment from the C 2 N − anion ground state is the ͑020͒⌸ r doublet. These levels have never been directly observed experimentally but are calculated to lie 454.4 and 458.9 cm −1 above the origin transition. Peak C in C 2 N, which lies 456 cm −1 from peak A, is thus assigned to the 2 0 2͑⌸͒ transition with the individual doublet components being too close to be resolved in our experiment.
By analogy, peak C in each of the C 4 N − and C 6 N − spectra is also likely to involve excitation of neutral bending levels. In C 4 N, this feature is shifted by 283 cm −1 from peak A and can be either the 6 0 2͑⌸͒ or 7 0 2͑⌸͒ transition based on the B3LYP frequencies in Table IV . Similarly, in C 6 N, peak C is spaced 291 cm −1 from peak A and could be either the 9 0 2͑⌸͒ or the 10 0 2͑⌸͒ transition. Based on the calculated frequencies alone, it might seem more reasonable to assign peak C to 7 0 2͑⌸͒ in C 4 N and 10 0 2͑⌸͒ in C 6 N. However, the anion and neutral harmonic frequencies for these modes are very similar; this situation generally results in extremely weak ⌬v 0 transitions for a nontotally symmetric vibrational mode. Larger calculated changes in frequency are found for the v 6 and v 9 modes in C 4 N and C 6 N, respectively, and the artifactual splitting of the degeneracy is considerably higher, which is generally a signature of stronger RT coupling. This coupling, in turn, can significantly lower the energy of the 6 0 2͑⌸͒ and 9 0 2͑⌸͒ transitions, in analogy to the situation in C 2 N, so assignment of peak C to these transitions may be preferable. More definitive assignments require a fuller understanding of RT coupling in C 4 N and C 6 N.
In the X 2 ⌸ band of C 4 N − and C 6 N − , there is also a small peak labeled D. In C 4 N, this peak is located 2177 cm −1 from the origin and is assigned to the 1 0 1 transition, based on our calculation of 2179 cm −1 for the fundamental of the v 1 mode, the C 3 C 4 N asymmetric stretch. In C 6 N, peak D is shifted 1874 cm −1 from the origin. This shift is close to our calculated frequency of 1953 cm −1 for the v 3 mode, primarily a C 2 C 3 C 4 asymmetric stretching motion, so peak D in this case is assigned to the 3 0 1 transition. The 
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Photoelectron spectra of C 2 N − , C 4 N − , and C 6 N assignment of these peaks is also in agreement with FranckCondon simulations ͑not shown͒ which show that v 1 and v 3 are the only stretching modes with significant activity in the X 2 ⌸ bands of C 4 N and C 6 N, respectively.
In the X 2 ⌸ bands, there are as many as three small peaks labeled a, b, and c below the vibrational origin. These peaks are assigned to transitions originating from excited vibrational states in the anion. Because the main spectral feature is the 0 0 0 transition, one expects the small peaks to be sequence bands with ⌬v = 0. The most likely populated vibrational levels in the anions are the low-frequency bending modes. In C 2 N, the ͑010͒ mode of the neutral is split into four levels by RT coupling ͑see Fig. 6͒ ; all four are accessible by photodetachment from the anion ͑010͒ level. In Fig.  2͑a͒, peaks a and Table IV , thereby supporting the proposed assignments.
Again, RT coupling analysis in C 4 N and C 6 N is required to fully assign the sequence bands in the spectra of these species. The pattern of these peaks in C 4 N spectrum is very similar to that in C 2 N, suggesting a similar assignment. These peaks are probably the 6 1 1 transitions in C 4 N because our calculations suggest a large RT splitting for this mode as well as a significant change in anion versus neutral frequency, both of which are necessary to see multiple, distinct sequence bands. For similar reasons, the sequence bands in the C 6 N spectrum are most likely 9 1 1 transitions. The lower panels of Figs. 2͑b͒ and 3͑b͒ display features assigned to the ã 4 ⌺ − excited electronic states of C 2 N and C 4 N, respectively. These spectra represent the first experimental observation of the quartet states. The dominant peak of each quartet band, labeled E, is assigned to the 0 0 0 transition. The term energy of the C 2 N ã 4 ⌺ − state is thus determined to be 1.0431Ϯ 0.0010 eV. This value agrees with our calculation which predicted a term energy of 1.10 eV for this state. The 1.03 eV value calculated by Pd and Chandra 24 at the higher CASSCF level is also in excellent agreement with experiment. The term energy of the C 4 N ã 4 ⌺ − state is determined to be 1.1476Ϯ 0.0010 eV, in excellent agreement with the value of 1.16 eV calculated at the B3LYP level. Note that our calculations indicate that C 6 N also has a quartet state lying 1.17 eV above the ground state. However, the detachment photon energy required to access this state is higher than the maximum available with our current laser setup and it could not be observed. The experimental quartet term energies obtained here are listed in Table V .
In the C 2 N ã 4 ⌺ − band, the smaller peak, labeled F, is assigned to the 3 0 1 transition. This yields a frequency of the v 3 fundamental of 1170 cm −1 , which is slightly smaller than the value of 1240 cm −1 calculated in this work and larger than the 1101 cm −1 value calculated at the CASSCF level by Pd and Chandra. 24 Similarly, the peak labeled E in the C 4 N ã 4 ⌺ − band is assigned to the 4 0 1 transition. The v 4 mode is a symmetric stretch of the carbon chain. This assignment yields a frequency of 701 cm −1 for the v 4 fundamental which is close to our calculated value of 765 cm −1 . The SEVI spectra presented here address a key issue regarding the electronic structure and geometry of the anion ground states. The C 2n N − anions have close-lying singlet and triplet states with calculated relative energies that depend on the method used. 32, 33 Zhan and Iwata 32 used the MP2 method to investigate the structure of the C n N − ͑n =1-13͒ anions. They found a singlet ground state for all the C 2n N − species with the n Ͼ 1 chains having strongly bent structures. All SEVI spectra reported here are dominated by the origin ͑0 0 0 ͒ transition and display a small number of transitions to excited vibrational levels. This pattern is consistent with the anion and neutral states having similar geometries. Since it is known from microwave spectroscopy experiments 21, 25 that C 2 N, C 4 N, and C 6 N all have linear ground states, the anions must also be linear in accordance with the DFT calculations. 33 If the C 4 N − and C 6 N − anions had strongly bent geometries, such as those predicted by MP2 calculations, extended progressions of bending modes would be seen. Moreover, the quartet states of C 2 N and C 4 N are not accessible by one-electron detachment from an anion singlet state. We thus conclude that the C 2n N − ͑n =1-3͒ anions have linear 3 ⌺ − ground states and that the singlet excited state is too high in energy to be significantly populated.
VI. CONCLUSIONS
High resolution photoelectron spectra of C 2 N − , C 4 N − , and C 6 N − obtained using SEVI are reported. This work provides the first measurement of the adiabatic electron affinities of the three species as well as the term energy of the low-lying ã 4 ⌺ − state of C 2 N and C 4 N. The spin-orbit splitting in the X 2 ⌸ ground state of C 4 N and C 6 N is also experimentally determined for the first time. The observation of relatively little vibrational activity and transitions to neutral quartet states in the photoelectron spectra indicates that the C 2n N − ͑n =1-3͒ anions all have linear 3 ⌺ − ground states, in agreement with the theoretical study of Pascoli and Lavendy.
